The objective of the present study was to investigate the relationship of IQ in children with maternal blood mercury concentration during late pregnancy. The present study is a component of the Mothers and Children's Environmental Health (MOCEH) study, a multicenter birth cohort project in Korea that began in 2006. The study cohort consisted of 553 children whose mothers underwent testing for blood mercury during late pregnancy. The children were given the Korean language version of the Wechsler Preschool and Primary Scale of Intelligence, revised edition (WPPSI-R) at 60 months of age. Multivariate linear regression analysis, with adjustment for covariates, was used to assess the relationship between verbal, performance, and total IQ in children and blood mercury concentration of mothers during late pregnancy. The results of multivariate linear regression analysis indicated that a doubling of blood mercury was associated with the decrease in verbal and total IQ by 2.482 (95% confidence interval [CI], 0.749-4.214) and 2.402 (95% CI, 0.526-4.279), respectively, after adjustment. This inverse association remained after further adjustment for blood lead concentration. Fish intake is an effect modifier of child IQ. In conclusion, high maternal blood mercury level is associated with low verbal IQ in children.
INTRODUCTION
Mercury is a well-known toxic metal, and exposure can be from natural sources or from the products or waste of industrial activities in medicine, agriculture, and manufacturing (1) . Workers may be exposed by inhalation of elemental or inorganic mercury. Exposure may also arise through dental amalgams, thermometers, batteries, pesticides, mines, incineration plants, and other sources. Organic mercury from the diet, especially seafood, is the major source of exposure in the general population (1) . Methyl mercury is a potent neurotoxin and its toxicity to the human fetus became evident after the discovery of congenital Minamata disease, which developed in the fetuses of mothers exposed to methyl mercury from wastewater (2) . Other research reported that mercury-contaminated bread exposed an Iraqi population to high doses of methyl mercury, and had neurotoxic effects on human fetuses (3) . However, the effect of low-level mercury exposure from fish consumption on child development remains uncertain. Prenatal exposure to mercury can affect long-term child neurodevelopment (4, 5) , but the results of epidemiologic studies of such exposures have been inconsistent (6) (7) (8) (9) (10) . The present study investigated the effect of low-level blood mercury concentration of mothers during late pregnancy on the IQ levels of their children.
https://doi.org/10.3346/jkms.2017. 32.7.1097 hort consisted of 558 children whose mothers underwent testing for blood mercury during late pregnancy. Five babies with body weight under 2 kg were excluded. All children were tested using the Korean version of the Wechsler Preschool and Primary Scale of Intelligence, revised edition (WPPSI-R), at 60 months of age.
Trained personnel used a detailed questionnaire to interview the enrolled mothers to obtain information about demographics, socioeconomic status, characteristics of residence, medical and reproductive history, exposure to occupational hazards, alcohol consumption, nutritional habits, and exposure to secondhand smoke in the home. Each questionnaire was completed the same day that the blood sample was collected.
Laboratory testing
Heparinized venous blood samples were obtained from each mother and child after an overnight fast, with special care taken to avoid contamination of skin and equipment. Whole blood samples were frozen and stored at −20°C prior to analysis. For analysis, samples were allowed to attain room temperature, and were thoroughly vortexed after thawing. Each 0.1 mL sample was diluted with 1.8 mL of matrix modifier reagent (containing Triton TM X-100 [Dow Chemical Company, Midland, MI, USA] and ammonium phosphate). Blood mercury concentrations were measured using the gold-amalgam collection method with a DMA-80 (Milestone, Bergamo, Italy) at the Neodin Medical Institute, a laboratory certified by the Korean Ministry of Health and Welfare. Commercial reference materials were used for internal quality assurance and control (Lyphochek ® Whole Blood Metals Control; Bio-Rad, Hercules, CA, USA). The coefficients of variation for blood mercury were within 1.59%-4.86% of the 3 reference samples. The Neodin Medical Institute passed the German External Quality Assessment Scheme of Friedrich-Alexander University in the occupational and environmental medical ranges, the Quality Assurance Program operated by the Korean Occupational Safety and Health Agency, and is certified by the Korean Ministry of Employment and Labor as a designated laboratory for analysis of specific chemicals, including heavy metals and certain organic chemicals. The detection method had a limit of 0.07 µg/L mercury. Only one sample had a mercury level below this limit, and we considered the level in that sample to be the detection limit divided by 2.
Korean version of the WPPSI-R (K-WPPSI)
The K-WPPSI (12) is commonly used to measure intelligence in children aged 3 years to 7 years and 3 months. It provides 12 subtest scores and 3 composite scores that represents verbal, performance, and full scale IQ. The verbal subtests cover information, comprehension, arithmetic, vocabulary, similarities, and sentences; the performance subtests cover object assembly, geometric design, block design, mazes, picture completion, and animal pegs. The WPPSI scores are standardized for Korean children compared with Western countries (12) . Experienced personnel performed all assessments at the hospital. The standardized mean WPPSI-R score was 100 ± 15, a score of 89-80 was classified as low average, 79-70 as borderline, and 69 and below as indicating intellectual deficiency (13) .
Statistical analyses
Student's t-test was used to identify significant differences in maternal mercury concentration and IQ in children according to categorical variables with 2 group. For categorical variables with 3 groups, 1-way analysis of variance was used. Maternal mercury concentrations were in right-skewed distribution, so we transformed maternal mercury concentrations into logarithm with base 2 to satisfy normal distribution. Log2-transformed mercury concentrations were determined to be in normal distribution by comparing a histogram of the maternal mercury data to a normal probability curve, and with a quantile-quantile plot (QQ plot) of the standardized data against the standard normal distribution. Performance, verbal, and total IQ were in normal distribution. Geometric means (GMs) and geometric standard deviations (GSDs) of maternal mercury concentrations were reported as results after performing the statistical testing on the log-transformed data.
Fish intake was classified into tertiles to show the relationship between fish intake and mercury concentrations. The cut-off value of the tertile in fish intake is in line with Canada's Food Guide recommending eating at least 2 servings (of 75 g each) of fish a week (14) .
We used regression analyses to show the association of maternal mercury in late pregnancy with verbal, performance, and total IQ in 5 years old children after adjustment for sex and birth weight of the child, maternal age, maternal educational level, household income, and fish intake for 2 models. The model 1 was adjusted for covariates mentioned above, and model 2 was adjusted for confounding factors in model 1 and maternal blood lead in late pregnancy to show the association of maternal blood mercury with children's IQ, because lead may affect neurodevelopment in children. We assessed the fitness of regression model by the Durbin-Watson test, a test for autocorrelation in the residuals from a statistical regression analysis. A value ranged from 1.5 to 2.5 in the Durbin-Watson test statistic means the fitness of the regression model. Household income (USD/month) and maternal educational level (years) were categorized into < 2,000 and ≥ 2,000, and ≤ 12 years and > 12 years, respectively. Other confounding factors were adjusted as continuous variables in regression analyses.
We regressed verbal, performance, and total IQ against log2-transformed maternal blood mercury concentration (a continuous independent variable) to estimate adjusted mean differences in IQ associated with a doubling of blood mercury. We https://doi.org/10.3346/jkms.2017.32.7.1097 also performed multiple regression analysis (with adjustment for covariates) for blood mercury tertile and IQ to assess whether the association between blood mercury and IQ is observed in all concentration groups or relatively high mercury exposure group only within subjects. The tertiles of blood mercury concentrations in late pregnant women were transformed 2 dummy variables; dummy 1 has 1 for 2nd tertile, and 0 for 1st and 3rd tertile, and dummy 2 has 1 for 3rd tertile, and 0 for 1st and 2nd tertile.
We performed the regression analyses for the mercury and IQ by the tertile classification of fish intake because fish intake has benefit to neurodevelopment by supply of protein and polyunsaturated fatty acids. This regression analyses were done to show whether the association of maternal blood mercury with children's IQ is independent of fish intake.
Ethics statement
Prior to enrolment, all participating mothers provided written informed consent. The study protocol and consent form were approved by the Institutional Review Boards of Ewha Womans University (approval No. 12-07B-15), Dankook University Hospital (2011-09-0340), and Ulsan University Hospital (06-29). Table 1 shows maternal blood mercury concentrations and verbal, performance, and total IQ of children by various categories. This univariate analysis indicates that higher maternal blood mercury concentration was significantly related to low paternal educational level and more fish intake. None of the variables were significantly related to performance IQ. However, female child, higher educational level of parents, higher household income, and low mercury tertile were associated with higher verbal IQ or total IQ.
RESULTS
The results of multivariate linear regression analysis indicated that a doubling of blood mercury was associated with the decrease in verbal and total IQ by 2.482 (95% confidence interval [CI], 0.749-4.214) and 2.402 (95% CI, 0.526-4.279), respectively (Model 1, A). This inverse association remained after further adjustment for blood lead concentration ( Table 2 , Model 2). Lead is a potent toxin that alters neurodevelopment, but was not significantly associated with IQ (data not shown). Comparison of the highest and lowest tertiles also indicated the decrease in verbal IQ (4.339 and 4.305) in model without and with lead adjustment, respectively. However, prenatal blood mercury concentration was not associated with performance IQ. Female chil- dren had higher verbal and total IQ compared to male children. Maternal age was also inversely associated with performance IQ after adjustment for these covariates, whereas birth weight was also positively associated with performance and total IQ. These associations remained after further adjustment for blood lead concentration (Table 2 , Model 2). Fish intake was not significantly associated with IQ (data not shown).
Following the stratification of fish intake, doubling of blood mercury was associated with the decrease in verbal and total IQ by 3.717 and 3.850 in the highest tertile of fish intake, which indicates higher mercury level, only (Table 3) . Comparison of the highest and lowest tertiles of blood mercury also indicated the decrease in verbal IQ (5.926) in the highest tertile of fish intake only (Table 3) .
DISCUSSION
The mean blood mercury concentration in the 553 Korean mothers in the present study was 3.14 µg/L. This is lower than that of Korean women from the general population aged 20 years or more (3.84 µg/L) (15), but much higher than females in a National Health and Nutrition Examination Survey (NHANES) sample from the United States (0.845 µg/L) (16) . Mercury is ubiquitous in the global environment. In aquatic environments, bacteria transform mercury to methyl mercury, and biological magnification leads to higher levels in predatory fish and sea mam- mals (1). The large difference in total blood mercury concentration in Korea and the United States may be explained by the greater consumption of seafood in Korea, because seafood is the primary source of mercury exposure in humans (17) . Both mercury and methyl mercury are neurotoxins, and children and developing fetuses are most susceptible to these toxins (1-3). Low-level prenatal exposure to mercury can affect longterm neurodevelopment of children (4, 5) . However, the results of epidemiologic studies of low-level exposure have been inconsistent (6) (7) (8) (9) (10) . A large cohort study started in the mid-1980s in the Faroe Islands reported an inverse association between prenatal methyl mercury exposure and scores on tests of verbal memory, attention, language, and visuospatial perception in 7 years old children born to mothers with a GM methyl mercury concentration of 4,270 ng/g in the hair (4). Moreover, a nested casecontrol study within this cohort, which compared children with high prenatal exposure (maternal hair mercury: 10-20 µg/g) to those with less exposure (maternal hair mercury < 3 µg/g), showed somewhat lower test scores in the first group, especially in the domains of motor function, language, and memory (18) . These neuropsychological deficits remained when the children were retested at 14 years of age (5) .
These results contrast with those of the Seychelles Child Development Study (SCDS), a large cohort study in the Republic of Seychelles where the mean prenatal methyl mercury level was 6,900 ng/g due to abundant consumption of seafood. This study reported no consistent pattern of associations between prenatal exposure to methyl mercury and cognitive ability of children aged 107 months. This study reported a positive association of blood mercury level with hyperactivity as measured by the Conners' Teacher Rating Scale, but the authors attributed these results to chance (7) . In addition, longitudinal data from the SCDS found no consistent pattern of adverse effects from prenatal exposure to methyl mercury on child development (10) . Another large cohort study in northeastern Italy reported no association between neurodevelopment of children and maternal hair mercury level in mothers whose mean hair mercury level was 1.375 ppm (19) . In particular, children whose mothers had mercury levels of at least 2 ppm had full scale, verbal, and performance IQs that were 4-5 points lower than those of children whose mothers had lower mercury levels, but these differences were not statistically significant (19) . A New Zealand cohort study found no significant association between maternal hair mercury concentration during pregnancy and child performance on a psychological test (20) . In the last decade, there have also been large cohort studies such as the Seychelles study's new nutrition 2 cohort (21), an update of the British Avon Longitudinal Study of Parents and Children (ALSPAC) cohort (22) , the Spanish Infancia y Medio Ambiente (INMA, Environment and Childhood) cohort (23) , and a Mediterranean cohort (24) , all of which do not find consistent evidence of associations between prenatal mercury exposure and children neurodevelopment.
Fish intake may make the basis for the apparent conflict of the findings of the Faroe Islands and Seychelles Islands studies. A woman's consumption of seafood may expose her fetus to nutrients that promote optimal development such as omega-3 The covariates in Model 1 were: child birth weight and sex, maternal age, maternal educational level, and household income. CI = confidence interval. *Fish intake: 1st tertile ( ≤ 20. fatty acids, as well as methylmercury, and thus, a failure to consider this in the data analysis can result in an underestimate of the adverse impact of mercury. The existence of such negative confounding is illustrated by analyses of a birth cohort in Boston (25) and by a re-analysis of the Faroe Islands data (26) . In a new Seychellois cohort, in which children's seafood intake was considered, inverse associations were found between prenatal methylmercury exposure and infant development (27) . The present study showed that low-level maternal blood mercury concentration during late pregnancy was inversely associated with verbal IQ of children after adjustment for covariates including fish intake, whereas fish intake was not associated with IQ of children ( Table 2 ). In addition, following stratification of the fish intake, the inverse association between prenatal mercury concentration and IQ of children was observed in the highest tertile of fish intake, which indicates higher mercury level ( Table 3 ). Thus, fish intake acted as an effect modifier of child IQ in the present study. Many previous studies of methyl mercury examined populations with relatively high levels of exposure due to dietary habits, such as frequent consumption of contaminated fish (4, 5, 18) , so these results may not be generalizable to women with lower exposures. The present study showed that low-level maternal blood mercury concentration during late pregnancy was inversely associated with verbal IQ of children after adjustment for covariates (Table 2) . However, maternal blood mercury concentration during late pregnancy was not associated with performance IQ. The inverse association between maternal blood mercury and child verbal IQ remained after statistical adjustment for the concentration of blood lead, another potent neurotoxin.
The blood mercury concentration of mothers in the present study is lower than reported in other studies, although few studies used maternal blood mercury concentration as an exposure marker. For example, Valent et al. (24) found no association between neurodevelopment in 18-month-old children and methyl mercury concentration in mothers' blood during pregnancy (mean blood mercury concentration: 3.14 ng/g; mean hair concentration: 1.06 ppm). This blood concentration of mercury is similar to that of the present study (3.15 µg/L), although children were tested at 18 months in the previous study, but at 5 years in the present study. Mothers' hair in the Faroese birth cohort had a higher methyl mercury concentration during pregnancy (GM: 4.3 ppm) (4, 5, 18) . Orenstein et al. (28) recently found an adverse effect of low-level prenatal methyl mercury exposure on childhood memory and learning, particularly visual memory, in mothers whose hair had a mean concentration of 0.6 ppm. However, this cohort was also exposed to polychlorinated biphenyls and methyl mercury. Taken together, the inconsistencies among these numerous studies may be due to use of different biological samples (umbilical cord blood, maternal blood, or maternal hair), different levels of exposure, exposure to multiple neurotoxins, measurement of different outcomes at different times, and the presence of different confounders/effect modifier including fish intake (21) (22) (23) (24) .
Methyl mercury bioaccumulates and crosses the placenta (1). There have been several mass poisoning incidents of pregnant mothers, in which their children developed psychomotor and cognitive delays even though the mothers remained relatively unaffected (2,3) . The domains most affected are memory, attention, reaction time (psychomotor speed), and language (4). Verbal IQ, but not performance IQ, was affected in the present study, although other studies reported psychomotor and cognitive deficits. The present results suggest that cognitive function may be more sensitive to low-level mercury, although this requires further study.
We also found that maternal age was inversely associated with performance IQ after adjustment for covariates. Previous studies showed that older maternal age was associated with increased risk for educational disabilities (29) . In particular, babies conceived by women at old age have higher risk for several adverse pregnancy outcomes, including fetal death, preterm birth, low birth weight, certain types of birth defects, and infant mortality (30) . In addition, surviving children of very young or very old mothers may have an elevated risk for poor cognitive function (31) . Birth weight was also positively associated with performance and total IQ in the present study. This finding was compatible with previous studies (32, 33) . The present finding that female children had higher verbal and total IQ compared to male children was in agreement with those of previous studies (34, 35) . This is the first study to document an association between low-level prenatal mercury exposure and neurodevelopment of children in an East Asian country with considering fish intake. These results are particularly relevant for countries that have significant fish consumption, such as Korea and Japan. A Japanese study reported no significant correlation between child neurodevelopment at 42 months and cord blood methyl mercury concentration (median concentration: 10.1 ng/g) (36) . The present study contributes to the limited body of literature that has examined the effect of prenatal low level mercury exposure on neurodevelopment of children according to the stratification of fish intake. If future studies support our finding of an effect of low level mercury in mothers on neurodevelopment in children, this will have important public health implications.
The present study had several important strengths. First, a large and experienced research team performed the experiments and this enabled good quality-control of neurodevelopmental measurements. Moreover, WPPSI scores have been standardized for Korean children when compared with Western countries. Second, assessment of the effect of prenatal exposure to a toxin requires recruitment of children prenatally and following them for several years. The birth cohort in the present study was prospective, and this allowed us to assess the correlation between https://doi.org/10.3346/jkms.2017.32.7.1097 prenatal exposure and neurodevelopment. In addition, we attempted to rule out the possibilities of exposure misclassification and selection bias, because parents more concerned about the behavior of their children may have been more likely to volunteer for this study. Third, exposure to low levels of numerous toxins is inevitable, and adverse effects of methyl mercury and lead on neurodevelopment are likely (4, 5) . Thus, the present study assessed lead and mercury simultaneously, and found that verbal IQ was inversely associated with mercury, but not lead. Finally, we showed that fish intake is not a risk factor, but an effect modifier of child IQ.
This study had several limitations. First, many genetic and environmental factors can affect neurodevelopment in children. Factors associated with poor IQ include low socioeconomic status, poverty, lack of stimulation in the home (including lack of maternal warmth and poor maternal education) (37, 38) and iron deficiency (39) . Thus, in our study, it was necessary to consider many parameters, including maternal age, child birth weight, maternal educational level, and household income. The complexity of neurodevelopment in children is a multifactorial phenomenon, and there were undoubtedly genetic, social, and environmental factors that caused residual confounding in our analysis. Further studies with adjustment for these additional factors are needed to clarify the causal relationship between maternal low-level mercury concentration and IQ deficits in children. A second limitation is a lack of species analysis of mercury. Methyl mercury data were not available in the present study. Methyl mercury is the organic form of mercury that bioaccumulates in fish and enters the human body through the food chain. Methyl mercury is a more appropriate marker for study of a population that has a diet with abundant seafood, rather than occupational or environmental exposure to inorganic mercury. We assumed that blood mercury would be a reasonable proxy for methyl mercury.
In conclusion, the present study showed that verbal IQ of children from a population in Korea was negatively associated with blood mercury concentration of their mothers during late pregnancy.
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